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Abstract 
Introduction 
Polymerases are fascinating and ubiquitous enzymes that catalyze the synthesis of nucleic 
acids with impressive rates and fidelity. Indeed, polymerases are capable of distinguishing 
minute differences in nucleoside triphosphates (e.g. the 2'-OH residue that is absent in dNTPs 
but present in rNTPs) and process with very low error rates (~10-6 for Pfu DNA polymerase, 
e.g.). However, this stringency is rather detrimental for practical applications since thermal 
stability (PCR), broad substrate tolerance (in vitro selections, functional tagging, etc.), or 
absence of exonuclease activity (sequencing) are desirable properties that are governed by the 
inherent nature of the polymerase. It is thus not surprising that polymerases are the targets of 
numerous engineering and modification strategies. This review highlights some of the recent 
progresses made in this field, with a particular emphasis on the substrate tolerance and 
processivity of mutant polymerases.  
Conclusion 
The development of new methods such as compartmentalized self-replication (CSR) 
selections and strategies for the screening of larger populations, has led to the generation of 
polymerases with tailor-made properties, capable of accepting a very broad range of 
substrates. 
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Introduction 
 
For a long time, nucleic acids have been considered as function-deprived biopolymers that 
solely served as the blueprint of genetic information through their storage and replication 
abilities. However, the advent of solid-phase oligonucleotide synthesis and chemical genetics 
have strongly facilitated the appendage of exogenous chemical functionalities into nucleic 
acids with view on their use as therapeutic agents1, building blocks for the expansion of the 
genetic alphabet2, or for biosensing purposes3. In this context, suitably altered 
phosphoramidite units act as vectors for the selective introduction of functional groups into 
nucleic acids. However, the nature of the functionality is dictated by its resilience to the rather 
harsh synthetic conditions inherently imposed by the methodology itself.  
On the other hand, the enzymatic polymerization of nucleoside triphosphates (dNTPs) bearing 
already built-in chemical groups has advanced as a versatile and alluring strategy for the 
modification of nucleic acids4,5. The advantage of modified dNTPs compared to the more 
static solid-phase synthesis is that large populations of oligonucleotides can be generated, 
which are then amenable to SELEX and related combinatorial methods of in vitro selection 
for the generation of functional nucleic acids6-8. Furthermore, polymerase catalyzed reactions 
with modified dNTPs allow to generate and explore sequences with vast chemical spaces. 
Indeed, the rather poor functional arsenal of DNA could be diversified by the incorporation of 
a myriad of modifications including bile acids9, amino acids10-12, norbornene residues13, 
electrochemical tags14, organocatalytic side chains15, and even oligonucleotides16. The only 
restriction to this methodology is the substrate acceptance of the modified dNTPs by DNA 
polymerases. In this context, polymerases have evolved in nature to process with high fidelity 
and extremely low error rates (~10-6 for Pfu DNA polymerase)17,18 and in the presence of 
modifications (either as a triphosphate or in the template strand) these enzymes will stall. 
Thus, the polymerization of modified dNTPs requires the use of engineered enzymes that 
overcome these natural traits. This review will examine recent progress made in the 
development and engineering of DNA and RNA polymerases with a special emphasis on 
substrate tolerance and processivity.  
  
Discussion 
 
Since most polymerases belong to superfamilies with similar sequences and structures, initial 
attempts at increasing their substrate acceptance and improving their replication properties 
focused on generating families of variants of the parent enzymes containing point mutations 
of residues19. This is usually achieved by sequence alignments followed by standard site-
directed mutagenesis of the wild-type polymerase as highlighted in Figure 1 for the generation 
of the Sequenase DNA polymerase (vide infra).  
 
Figure 1.  
 
In particular, numerous polymerases that have been liberated of their 3'5' or 5'3' 
exonuclease proofreading activities were engineered. These exo- variants are more permissive 
to modified dNTPs while maintaining similar catalytic efficiencies (kcat/Km) to that of the 
parent wild-type polymerases. In this context, the deletion of 28 amino acids (∆(Lys118-
Arg145) of the native bacteriophage T7 DNA polymerase led to the isolation of a very potent 
polymerase, coined Sequenase (version 2.0), which kept the high activity of the parent 
enzyme while displaying a complete ablation of the exonuclease character20. In addition to 
high polymerization rates (~300 nucleotides per second), Sequenase presents a broader 
substrate tolerance and no exonuclease reactivity. Thus, before the advent of high-throughput 
and next generation sequencing (NGS) methods, Sequenase was a pivotal element in the 
Sanger sequencing strategy when used in conjunction with dideoxynucleoside triphosphates 
(ddNTPs)21. Moreover, Sequenase has proven to be more tolerant to rather arduous 
modifications such as 8-substituted dATP analogues (1 in Figure 2), which are known to be 
poor substrates for most polymerases22-25. Similarly, the 9°Nm and Vent (exo-) polymerases 
were obtained by single (Ala485Leu) and double (Asp141Ala and Glu143Ala) 
mutations of the Thermococcus sp. 9°N-7 and Tli DNA polymerases, respectively19,26,27. Like 
Sequenase, 9°Nm and Vent (exo-) polymerases are rather proficient at accepting and 
polymerizing modified dNTP substrates. Indeed, 9°Nm possesses a remarkable substrate 
tolerance since this enzyme is highly capable of incorporating a broad range of triphosphate 
analogues including the heavily, sugar-modified locked nucleic acid (LNA) 2 and α-L-
threofuranosyl nucleic acid (TNA) 3 derivatives (Figure 2) under primer extension reaction 
conditions28-30. The synthesis of TNA on a DNA template is less conspicuous when Vent (exo-
) polymerase is used since only one α-L-threofuranosyl building block can be incorporated 
into the nascent chain31. On the other hand, Vent (exo-) polymerase displays a high tolerance 
for triphosphate analogues equipped with modifications anchored at the N7 and C5 positions 
of pyrimidines and of purines, respectively11,12.  
 
Figure 2. 
 
Despite significant improvements in polymerase engineering and design, some unnatural 
nucleoside triphosphates still represent challenging hurdles that are difficult to overcome. In 
this context, improved screening methods could lead to the facile isolation of mutant 
polymerases, which in turn could alleviate the poor substrate uptake and extend the spectrum 
of modifications that can be polymerized efficiently and with high fidelity32. In this context, 
Marx et al. screened a library of mutants of the Therminator DNA polymerase for promoter-
independent synthesis of RNA oligonucleotides33. The library, obtained by error-prone PCR 
and expression in 96-well plates34, was then assessed for its ability to promote primer 
extension reactions with rNTPs. The most proficient mutant that was isolated could append up 
to 50 ribonucleotides on the DNA primer, leading to the generation of >70 nt long DNA-RNA 
hybrid sequences. In addition, this variant of the Therminator DNA polymerase could 
synthesize functional RNAs and incorporate 46 consecutive C5-modified dNTPs, features that 
are absent in the parent wild-type enzyme33. Furthermore, this mutant contained only a single 
Leu408Gln mutation that seems to be crucial for substrate discrimination. This is an 
astounding finding, considering that natural polymerases need to differentiate dNTPs from 
rNTPs which are in a 10-100 fold excess in cells.  
Another attractive and alternative method for the screening of large populations of 
polymerases to generate enzymes with tailor-made catalytic activities and substrate tolerances 
is the compartmentalized self-replication (CSR) directed evolution strategy35. Briefly, in a 
first step, a library of mutant polymerase genes is cloned and expressed in E. coli cells (Figure 
3). The bacterial cells enclosing the polymerase and its encoding gene are supplemented with 
dNTPs and flanking primers prior to their compartmentalization in droplets of a water-in-oil 
emulsion, which act as artificial cells and allow for both a physical separation of all the self-
replicating systems and the association of phenotype and genotype of the same polymerase. 
The compartmentalized self-replicating units are then subjected to PCR amplification 
conditions. The first heat step causes the cell membranes to fissure and eventually disrupt, 
liberating the encoding gene and each individual polymerase, and initiating the replication 
process35. During the CSR selection, only active polymerases are able to self-replicate their 
encoded genes and will survive the selection pressure, much like in in vitro selections where 
only active nucleic acid enzymes proceed through the iterative Darwinian evolution process36.  
 
Figure 3. 
 
Application of CSR led to the isolation of a Taq DNA polymerase variant that displayed an 
increased temperature resistance as compared to the wild-type enzyme. Indeed, clone T8 has a 
~10 fold increase in half-life when subjected to a temperature of 97.5°C while maintaining 
similar catalytic efficiencies to that of wild-type Taq35. In addition, another clone, H15, 
displayed a dramatic resistance to the anticoagulant heparin as compared to the parent Taq 
DNA polymerase, albeit at the expense of a slight decrease in thermal stability. The CSR 
method also allowed for the selection of a Taq mutant that could process damaged DNA 
templates37. Indeed, the inclusion of mismatches (AG or CC) onto the flanking primers 
followed by three rounds of CSR selection afforded a polymerase variant that extended CC 
mismatches with a >400-fold efficiency compared to the parent Taq DNA polymerase. This 
mutant also revealed proficient at extending templates that contained lesions such as abasic 
sites or thymidine dimers that usually cause polymerase-mediated reactions to stall37. More 
recently, in an impressive and elegant approach, a variant of CSR was pivotal for the crafting 
of polymerases that could accept non-natural analogues of DNA, both as triphosphates and as 
templates38. Indeed, in compartmentalized self-tagging (CST), only polymerases that are 
capable of recognizing modified dNTPs will extend biotinylated primers and form stable 
primer-plasmid duplexes that can then be captured with streptavidin-coated magnetic 
particles. The CST-based selection led to the isolation of mutants of the Tgo DNA 
polymerase, the replicative polymerase of Thermococcus gorgonarius that accept various 
sugar modified nucleosides such as TNA 3, HNA 4, CeNA 5, and FANA 6 as substrates 
(Figure 2). Moreover, statistical correlation analysis followed by random mutagenesis led to 
mutant polymerases with reverse transcriptase activity that recognized templates containing 
sugar-modified nucleotides. The synergic use of the engineered polymerases and reverse 
transcriptases in in vitro selection experiments culminated in the discovery of all-HNA 
aptamers against the HIV trans-activating response RNA motif and the hen egg lysozyme38. 
This further underscores the high potential and usefulness of CSR-based polymerase selection 
methods.  
Finally, the development of alternative base pair systems in view of an expansion of the 
genetic code is an important research avenue39. In this context, the dZ:dP pair consisting of 
two non-standard nucleoside analogues (dZ 7 and dP 8, Figure 2) with a different hydrogen 
bond pattern, has advanced as a potent surrogate of a natural base pair and is thus a potential 
candidate for a six-letter (ACGTZP) synthetic genetic system40. While polymerases such as 
Taq and Vent (exo-) are rather tolerant to these nucleoside analogues under primer extension 
reaction and PCR conditions41, the processivity and fidelity of their polymerization is still 
inferior to that of natural triphosphates42. In this context, a CSR selection was performed in 
order to generate a polymerase with higher incorporation rates of the non-standard 
triphosphate dZTP 7 opposite to dP 8 and form the orthogonal dZ:dP pair42. A nested PCR 
strategy with chimeric flanking primers containing embedded dP nucleotides was employed in 
the selection scheme. Screening of ~50106 E coli cells containing potential polymerases 
during the CSR selection yielded a Taq mutant that showed a higher propensity at 
synthesizing duplexes containing the dZ:dP pair. Surprisingly, the catalytic capacity of this 
Taq variant was completely ablated when the roles were inverted, i.e. when dPTP was to be 
incorporated opposite to dZ, clearly showing that, unlike natural DNA, these replication 
processes are not symmetrical.  
 
Conclusion 
 
Advances in molecular biology and protein engineering have boosted the development of 
DNA and RNA polymerases with tailored-made properties. Indeed, polymerases with 
increased heat-resistance, higher processivities, and broader substrate range have been crafted. 
For instance, it is now possible to generate rather long stretches (~75 nt) of constrained 
nucleic acids using selected polymerases, a task that is rather daunting when using standard 
oligonucleotide synthesis. The generation of de novo polymerases with extended activities 
and substrate tolerance bodes well for the development of enzymes capable of polymerizing 
nucleic acid analogues that bear minimal similarities to their natural counterparts (e.g. peptide 
nucleic acids (PNA)) or even non-nucleosidic building blocks.  
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Figure captions 
 
Figure 1. Generation of polymerases with improved properties by site-directed mutagenesis. 
1. Oligonucleotides containing the mutations at the appropriate position(s) are synthesized 
and annealed to the circular ssDNA containing the encoding gene (phage M13 mGP5-2, in the 
case of Sequenase, contains the sequence of the T7 gene 5 (shown in yellow) and upstream of 
the lac promoter (in green)); 2. The primer is then extended with a polymerase (native T7 
DNA polymerase); 3. The resulting mutant circular ssDNAs are then transfected into E. coli 
cells where the polymerases will be expressed. After isolation and purification of the mutant 
polymerases, they can be evaluated for their activity20,43. 
 
 
Figure 2. Chemical structures of nucleoside analogues: 8-substituted dATP analogues 1 (R = 
e.g. (4-imidazoyl)-ethylamino-, 4-ethynylphenylalanine); locked nucleic acid (LNA) 2; α-L-
threofuranosyl nucleic acid (TNA) 3; 1,5-anhydrohexitol nucleic acid (HNA) 4; cyclohexenyl 
nucleic acid (CeNA) 5; 2'-fluoro-arabinonucleic acid (FANA) 6; dZTP 7; dP 8. 
 
Figure 3. Schematic representation of the selection of polymerase by the compartmentalized 
self-replication (CSR) directed evolution method. 1. The initial library consists of E coli cells 
containing the encoding genes of the mutant polymerases (shown in red and green). The cells 
express the polymerase genes. 2. The bacterial cells containing the polymerases and their 
encoding genes are supplemented with flanking primer and dNTPs prior to being emulsified. 
3. The first heat step causes the cellular membranes to break. 4. Only the polymerases (in 
green) that can operate under the given selection pressure conditions will self-replicate. 
Extraction and cloning yields an enriched library. 5. This library can then either be screened 
or used in a subsequent round of selection.  
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